113,000m3 of treated ballast water in a single event, thereby posing an invasion risk for recipient 23 ports. New global regulations for ballast water management will be globally implemented 24 beginning September, 2017. These regulations are designed to reduce the movement of non-25 indigenous species by setting numerical limits for abundance of two planktonic groups and three 26 health-related bacteria of concern (IMO 2016) . Different alternatives to achieve these limits 27 exist, including use of strong oxidants such as chlorine (e.g. Werschkun et al. 2012; Zhang et al. 28 2013). Chlorine may be applied to ballast water either directly or indirectly via in situ electro-29 chlorination of sea water.
30
Chlorine is the most widely used chemical for disinfection of fresh water, as it eliminates active 31 pathogens. However, chlorine treatment of water is associated with undesirable by-products, 32 some of which have carcinogenic effects (Boorman et al. 1999) . Trihalomethanes (THMs), 33 which result when three halogen atoms are substituted for hydrogen atoms in the methane 34 molecule, are the most commonly observed by-product (Budziak et al. 2007) .
35
THMs formation depends on the availability of both chlorine and natural organic matter (NOM).
36
Limiting production of THMs by pre-treatment to reduce NOMs is a common practice in public 37 utilities (Bull et al. 1995) . This capability does not extend to ballast water, where large volumes 38 of water are loaded and discharged, and little space exists for on-board pre-treatment.
39
Consequently, ballast water treatment has focused on control of the oxidant dose (Tsolaki et al. 40 2010; Paolucci et al. 2015) . Salinity of ballast water varies according to the geographic location 41 where it is loaded.
42
Formation of THMs requires dissolved NOM such as humic substances and/or fulvic acid 43 (Madabhushi 1999) and halogens dissolved in water. Both humic and fulvic acids constitute the 44 largest portion of dissolved organic carbon (DOC) in waters. In addition to DOC, natural waters contain particulate organic carbon (POC) produced by plants and animals. The availability of 46 NOM and POC in water plays a key role in the quantity of THMs generated; however, there is a large list of organic compounds that constitute NOM and POC in water, with the compounds 48 varying with the water source (Liu et al. 2015) . The sum of DOC and POC equals total organic 49 carbon (TOC) and is typically used as a proxy for the potential reactive pool for THMs 50 generation (Bruchet et al. 1990; Singer 1999) .
51
THMs are continuously produced if NOM is present and the halogen supply is not exhausted 52 (Stack et al. 2000) . The most abundant halogen used in ballast treatment is chlorine because it is 53 inexpensive and can be readily added from sources such as sodium hypochlorite (NaClO). If the 54 ballast is fresh water, CHCl3 may constitute the most abundant THM, based upon utility plant is present in the water, leading to the formation of CHCl2Br, CHCIBr2, and CHBr3, with the sum 61 of these plus CHCl3 equalling total THMS (TTHMs; Singer 1999). The ratio of chlorinated to 62 brominated species can be estimated based on molar ratios and then extrapolated using 63 probability models when analysis is limited to final concentration of TTHMs and not initial 64 doses of chlorine and bromine (Chang et al. 2001 ).
Here we evaluate potential TTHMs production in ballast water treated with chlorine at doses 66 recommended for use to reduce target organisms in ballast water (see Paolucci et al. 2015) , 67 specifically exploring the effects of both water salinity and NOM. Experiments were performed 68 using natural water sources representative of freshwater and brackish waters from shipping ports 69 and marine water derived from a ballast sample. In addition, we augmented samples with humic 70 acids to explore effects of NOM concentration on THM generation.
71

Materials and Methods
72
Water samples were collected from two different ports and one vessel according to their salinity 73 as a follow-up to a larger ballast water treatment experiment (see Paolucci et al. 2015 10 μL)]. The sample was vortexed for 1 min, following which a SPME needle (protecting fibre)
104
was slid through the pierced septum and into the vial. Needle depth was adjusted to keep the 105 fibre above the liquid layer in the headspace environment. The SPME extraction was initiated 106 after exposing the fibre into the headspace and heating the vial indirectly at 45°C ± 1°C with 107 constant stirring at 300 rpm for 20 min. Our methods differed slightly from those of Stack et al.
108
( 2000) and Zhao et al. (2004) , the former because we used moderate stirring for 20 min as 109 opposed to low stirring for a longer period, and the latter because we increased temperature.
110
Volatiles were absorbed/adsorbed to the fibre and concentrated, followed by retraction of fibre 111 into the needle. Thermal desorption of THMs from the fibre occurred when the needle was 112 directly introduced to the GC inlet, followed by the extension of the fibre from the needle and the 113 introduction of the fibre into the hot GC inlet.
114
Analytes were identified and quantified using a gas chromatograph with a mass selective The recovery rate for our surrogate was 94.3%. However, it was not used in MDLs determination 129 because it was within the acceptable range for volatiles. 
Results and Discussion
138
Filtered and natural TOC concentrations were low in both natural and filtered water for fresh and 139 brackish waters, and slightly higher in marine waters (Table 1 ). There were no detectable 140 concentrations of TTHMs in vessels prior to chlorine addition in vessels (Table 1) . Total THM 
153
TTHMs maximum production was achieved very quickly (i.e. within 1 hour) and was sustained 154 over the 24-hour follow-up measure in all TOC concentrations for fresh and marine water ( Fig.   155 1, right and left panels). Brackish water almost doubled TTHMs in the first hours after dose for 156 natural and filtered concentrations, and sustained the same levels in the enriched concentration
157
( Fig. 1, middle panel) .
158
CHCl3 was the major constituent of TTHMs in fresh water, whereas brackish or marine water 159 treatments had a higher ratio of brominated to chlorinated species of THMs owing to the very 160 low presence of bromine in fresh water (Table 2 ). Most production in natural or filtered fresh 161 water was by CHBrCl2 (Table 2) . By contrast, marine and brackish water produced more CHBr3 production of TTHMs would increase greatly (Table 2 ) and possibly exceed these regulations.
175
Production of TTHMs in enriched marine water was almost 10 times higher than in filtered or 176 natural water (Table 2 ). It is apparent that the largest limiting factor for THMs production in 177 marine ballast water used in this experiment is NOM in the water.
178
Brackish water produced less TTHMs under enrichment than under natural or filtered conditions.
179
We propose that an inhibitor may have prevented the oxidation process in water collected at Port water, the option exists to adjust the dose. In addition, it is possible to track free chlorine in real 226 time using electronic sensors in the tanks (Zimmer-Faust et al. 2014) .
227
This study assessed the importance of ballast water source and its organic carbon content to total residual oxidants in ballast water management systems employing chlorine for disinfection.
322
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